Abstract 21 22
Macropinocytosis is a conserved endocytic process used by Dictyostelium 23 amoebae for feeding on liquid medium. To further Dictyostelium as a model for 24 macropinocytosis, we developed a high-throughput flow cytometry assay for 25 macropinocytosis, and used it to identify inhibitors and investigate the 26 physiological regulation of macropinocytosis. Dictyostelium has two feeding 27 states: phagocytic and macropinocytic. When cells are switched from phagocytic 28 growth on bacteria to liquid media, the rate of macropinocytosis slowly 29 increases, due to increased size and frequency of macropinosomes. Upregulation 30 is triggered by a minimal medium of 3 amino acids plus glucose and likely 31 depends on macropinocytosis itself. Bacteria suppress macropinocytosis while 32 their product, folate, partially suppresses upregulation of macropinocytosis. 33
Introduction 40 41 Macropinocytosis, first described in the 1930s (Lewis, 1931) , is a process of 42 large-scale, non-specific fluid uptake carried out by a wide variety of cells. Actin-43 driven protrusions from the plasma membrane form cup-shaped circular ruffles 44 that can be several microns in diameter. When a ruffle closes it engulfs and 45 delivers extracellular material to the cell interior in macropinosomes. 46
Macropinosomes proceed through the endocytic system where their contents 47 can be broken down by digestive enzymes and useful metabolites extracted 48 (Buckley and King, 2017) . (Lewis, 1937) , with Ras-59 activated cancer cells obtaining a substantial part of their nutrition in this way 60 1983, Thilo and Vogel, 1980, Hacker et al., 1997) . We have developed a high-105 throughput assay to measure macropinocytosis in Dictyostelium, identified 106 useful inhibitors and sought to better understand how macropinocytosis is 107 physiologically regulated during the switch between macropinocytic and 108 phagocytic feeding and the growth-to-development transition. 109 143 Inhibitors are powerful tools for acutely interfering with biological processes, 144 but relatively few are currently known for macropinocytosis. We therefore 145 tested a number of inhibitors affecting both the cytoskeleton and cellular 146 signalling. These were added to Ax2 cells growing in HL5 medium at the start of 147 the uptake assay, with the TRITC-dextran. The internalised fluorescence was 148 measured 1 hour later (Table 1) . A number of inhibitors were without effect, 149 although whether this is due to lack of inhibitor uptake, target interaction or the 150 target not functioning in macropinocytosis is unknown. 151 152 As macropinocytosis is an actin-dependent process, we tested a number of 153 inhibitors of actin dynamics. Latrunculin B efficiently inhibited 154 macropinocytosis at standard concentrations ( Figure S2A ), as expected from its 155 profound effects on the actin cytoskeleton (Pramanik et al., 2009 ). Cytochalasin 156 A, as previously reported (Hacker et al., 1997) , inhibited macropinocytosis 157 ( Figure S2B ). Inhibitors of the Arp2/3 complex (CK666, Figure S2C ), WASP 158 (Wiskostatin, Figure S2D ) and formins (SMIFH2, Figure S2E Rapamycin, a TORC1 specific inhibitor, did not affect fluid uptake when applied 181 acutely, as found previously, although it does prevent proliferation (Rosel et al., 182 2012) . It has been suggested that there are functions of mTORC1 that are not 183 inhibited by rapamycin, but are by more potent, less specific, mTor inhibitors 184 (Thoreen and Sabatini, 2009). We therefore tried alternative Tor inhibitors and 185 observed an inhibition of macropinocytosis in cells treated with torin 1 (Figure  186 S2K), but not palomid 529 or PP242. Whether this is due to greater inhibition of 187 is not part of a core, conserved mechanism of macropinocytosis across species, 209 while roles for the Na+/H+ exchanger and Tor have not been confirmed. 210 211 Slow switching between feeding strategies 212 213 Ax2 cells grown on bacteria have a low rate of macropinocytosis, which 214 increases greatly when they are switched to HL5 growth medium (a complex 215 medium containing peptone, yeast extract and glucose). A similar, although 216 much reduced, increase is seen in wild-type NC4 cells (which have an intact NF1 217 gene) in media enriched with protein (Maeda, 1983) . 218
219
We confirmed the upregulation of macropinocytosis in Ax2 cells switched from 220 growth on bacteria to HL5 ( Figure 2A ). It is slow, taking about 10 hours ( Figure  221 2B), similar to Ax3 (Kayman and Clarke, 1983), and involves both an increased 222 rate of macropinosome formation ( Figure 2C ) and size ( Figure 2D ). A 50% 223 increase in diameter, as seen here, would lead to a 3-4 fold increase in 224 macropinosome volume. 225 226 Wild-type DdB cells (the parent of the standard Ax2, Ax3 and Ax4 strains) with 227 an intact NF1 gene do not noticeably upregulate macropinocytosis in HL5 228 ( Figure 2A ). However, if DdB cells are switched to HL5 supplemented with 10% 229 FCS (Gibco, providing ~4 mg ml -1 additional protein), in which they can 230 proliferate (Bloomfield et al., 2015) , they substantially upregulate 231 macropinocytosis, although not as much as Ax2. The increased fluid uptake by 232 DdB cells in this case appears to be due only to an increased rate of 233 macropinosome formation ( Figure 2E ), with no detectable increase in size 234 ( Figure 2F ). Thus the macropinocytic rate of wild-type cells is also controlled by 235 the availability of environmental nutrients, as in Ax2 cells. 236 237 Ax2 and other axenic cells can consume yeast and other large particles, but this 238 ability depends on the loss of the NF1 gene and is not shared by wild-type cells 239 (Bloomfield et al., 2015) . Thus the abilities to phagocytose large particles and to 240 take in large volumes of fluid by macropinocytosis are linked as both depend on 241 the loss of NF1. We asked whether this linkage is also seen at a physiological 242 level. It is apparent from Figure S3A that it is: Ax2 cells adapted to HL5 medium 243 and with a high macropinocytic rate can take up yeast or large beads (2 micron 244 diameter) much better than the same cells grown on bacteria, which have a low 245 macropinocytic rate. Uptake of either particle by DdB cells, which have an intact 246 NF1 gene, was unaltered by the nutritional environment they came from ( Figure  247 S3B), consistent with the unaltered macropinosome size observed in figure 2F . 248
249
The macropinocytic and phagocytic states are not mutually exclusive, as we 250 found that Ax2 cells fully adapted to HL5 maintain a relatively high rate of 251 phagocytosis of bacteria ( Figure S3C ). We therefore asked what happens when 252
Ax2 cells are presented with both bacteria and liquid medium for food. In this 253 case, irrespective of whether the cells had been grown on bacteria or HL5, they 254 adopted a low rate of macropinocytosis ( Figure S3D ). 255
256
These results show that Dictyostelium has two basic feeding modes: the 257 preferred mode is phagocytosis, which is seen with cells growing on bacteria. are switched from bacteria to buffer ( Figure 2B ), but require HL5 medium, or 267 some components of it, to do so. To identify such stimulatory components, we 268 first showed that HL5 could be replaced by the SIH defined medium ( Figure 3A ) 269 and then dissected this defined medium to find the active components. Leaving 270 out blocks of components showed that vitamins and micro-minerals are not 271 necessary for macropinocytic upregulation and that the effect is accounted for by 272 amino acids and glucose alone ( Figure 3B ). Testing amino acids individually 273 showed that only arginine, lysine and glutamate induce macropinocytosis 274 upregulation at the tested concentrations (Table S1 ). Consistent with this, 275 removal of these amino acids from SIH severely impairs the ability of cells to 276 upregulate macropinocytosis, which is restored when the amino acids are 277 returned to the medium ( Figure 3C ). Testing different sugars showed that only 278 glucose and other metabolizable sugars that can support cell growth permit 279 macropinocytosis upregulation (Table S2 ) (Watts and Ashworth, 1970, 280 Ashworth and Watts, 1970) . 281 282 Based on these results, a simplified medium for macropinocytosis upregulation, 283 SUM (Simple Upregulation Media) was devised, consisting of KK2MC plus 55 mM 284 glucose, 4 mM arginine, 3.7 mM glutamate and 8.5 mM lysine (the same 285 concentrations as SIH) at pH 6.5. SUM induces nearly the same level of 286 macropinocytosis as complete SIH, with faster upregulation kinetics ( Figure 3D ). 287
Although cells remain healthy in SUM for several days, it does not support long-288 term growth. SUM has very low background fluorescence, and we have found it 289 very useful for microscopy, particularly for cells with weakly expressed markers, 290 such as knock-ins. Cells can be grown rapidly on bacteria before transfer to SUM 291 a few hours prior to microscopy, during which time macropinocytosis is greatly 292 upregulated. 293
294
These results show that macropinocytosis upregulation can be induced by only a 295 handful of the components present in defined medium, while the requirement 296 for the sugar to be metabolizable hints that sugars may be sensed through their 297 effects on metabolism, rather than by dedicated receptors. We envisioned that nutrients that cause macropinpocytosis upregulation might 303 either be sensed by dedicated receptors, such as for glutamate, or indirectly 304 through their effect on metabolism, or a combination of both. Since nutrients 305 obtained by macropinocytosis can only be utilized after internalization and 306 digestion, this second route implies that macropinocytic upregulation would 307 depend on macropinocytosis itself. To test this idea we turned to the inhibitors 308 identified earlier in this work to inhibit macropinocytosis during upregulation. 309
As this experiment requires prolonged inhibitor treatment, we first tested how 310 well cells recover from the inhibitors. Ax2 cells growing in HL5 recover quite 311 well from prolonged treatment with LY294002, TGX221 (both PI3K), CK666 312 (Arp2/3 complex), EHT1864 (Rac) and torin 1 (Tor) ( Figure S4A Although these inhibitors affect macropinocytosis through different targets, they 320 all inhibit upregulation (measured after 10 hours incubation in HL5) in a dose-321 dependent manner ( Figure 4A -E). The effect remains even after correcting for 322 the long-term effects of the inhibitors. Upregulation is not completely abolished 323 by the inhibitors, reflecting their incomplete inhibition of macropinocytosis. 324
Thus these results suggest that the upregulation of macropinocytosis by nutrient 325 media depends on delivery of nutrients into the cell through macropinocytosis. 326
327
We considered the possibility that the ingested nutrients delivered by 328 macropinocytosis might be detected through the TORC1 complex, similar to 329 other organisms. Although rapamycin does not inhibit macropinocytosis acutely, 330 it does somewhat inhibit upregulation ( Figure 4F ), with extremely mild effects 331 on control cells ( Figure S4F ). Torin1, has a stronger effect on upregulation 332 ( Figure 4E ), but as it is less specific, some of this might be due to inhibition of the 333 TORC2 complex. In summary, these results suggest that nutrients causing cells 334 to increase their rate of macropinocytosis are detected in the macropinocytic for Dictyostelium and acts through the G-protein coupled receptor fAR1 (Pan et  346 al., 2016). We found that folate inhibits the upregulation of macropinocytosis 347 when cells are transferred from bacteria to HL5 ( Figure 5C ), but has no effect 348 when cells are transferred from HL5 to buffer (not shown). fAR1cells were 349 essentially blind to this inhibitory effect of folate ( Figure 5D ), as were mutants of 350 the Gβ and Gα4 (Hadwiger and Firtel, 1992) Figure 6D ). High concentrations are required, but these are 396 comparable to those used previously (Kay, 1989) . Dictyostelium are the same as those in mammalian cells: actin, Arp2/3, PI3K, 501 SCAR/WAVE, WASP, Rac and Ras proteins. This conservation of the core 502 components suggests that macropinocytosis may have first arisen in simple 503 protists as a way of feeding in the absence of bacterial prey. In mammalian cells 504 there are additional levels of regulation, some of which are cell-type specific 505 (such as the calcium requirement in immune cells) and others that are more 506 generic (such as growth factor stimulated macropinocytosis). We believe that 507
Dictyostelium is an excellent model organism for establishing the core, conserved 508 elements of macropinocytosis and their function. Formedium. Unless otherwise specified, cells were grown on Klebsiella aerogenes 516 (Ka) lawns on SM plates and harvested for experiments from the feeding front, 517 washing three times with KK2 (16.6 mM KH2PO4, 3.8 mM K2HPO4, pH 6.1) by 518 centrifugation (280 g, 3 min) to remove the bacteria. Cells were also grown in 519 tissue culture plates with Ka as a food source. In this case Ka was added to 520 KK2MC (KK2 + 2 mM MgSO4, 100 μM CaCl2) to 2 OD600 nm from a 100 OD600 nm 521 stock (these bacteria were grown overnight in 2xTY, pelleted by centrifugation 522 and washed twice in KK2). 523 524 Cells were grown axenically in HL5 in conical flasks with shaking at 180 rpm. 525
Media derived from SIH, including SUM, were made in KK2MC pH 6.5. 526
Conditioned medium was made by washing axenically grown Ax2 cells free of 527 HL5, resuspending them to 1x10 7 cells ml -1 in KK2MC and incubating for 8 hours, 528 180 rpm, before removing the cells by centrifugation (2400 g, 10 min). Strains 529 are listed in Table S4 . 530 531 For transformation, cells were harvested from bacteria, resuspended in H40 532 buffer (40 mM Hepes, 1 mM MgCl2, pH 7.0), mixed with 500 ng vector for a PIP3 533 reporter (PkgE-PH mCherry), electroporated in ice-cold 2 mm cuvettes 534 (Novagen) using a square wave protocol (2x 350 volts, 8 ms apart), then 535 transferred to 2 ml KK2MC + Ka in a 6 well plate to recover for 5 hours, before 536 G418 selection was added to 10 μg ml -1 . 537 538 Chemicals were from Sigma unless otherwise indicated. Polyphosphate was 539 obtained from both Spectrum and Merck. DdB cells adapted to liquid media. Cells were imaged on 3 separate days. 951
Ax2 is a standard laboratory strain able to grow in HL5 medium , which has the 952 NF1 gene, deleted; DdB is its non-axenic parent with an intact NF1 gene. In all 953 experiments cells were grown on bacteria, washed and then transferred to the 954 indicated media. Excluding panel B, the control measurements were made with 955 cells freshly harvested from bacteria and the others after 24 hours incubation in 956 the indicated media. Fluid uptake and other measurements were made as 957 To test whether macropinocytosis upregulation depends on macropinocytosis, 980 inhibitors with differing targets (see Table 1 ) were used to inhibit 981 macropinocytosis during the upregulation period. The inhibitor was then 982 washed away and the degree of upregulation determined by measuring fluid 983 uptake compared to untreated controls ('raw' curves). To control for long-term 984 effects of the inhibitors, cells with fully upregulated macropinocytosis were 985 treated in parallel and the results corrected accordingly ('corrected' curves; see 986 Figure 6 
